Results from diagnostic analyses to understand the seasonal evolution of the large-scale climatic state responsible for the development and melt of the winter snowpack, and spring-early summer precipitation in the Churchill Falls region on the Québec-Labrador Peninsula, Canada, are presented in the context of the development of an empirical model for seasonal to annual streamflow forecasting, with a special emphasis on the May-July spring freshet. Teleconnection indices and gridded global measures of atmospheric circulation inferred from the National Centers for Environmental Prediction/National Center for Atmospheric Research reanalysis are used as climatic indicators. Composite and correlation analyses are applied to the climatic indicators conditioned on the spring streamflow for identification of potential predictors. Meridional and zonal atmospheric fluxes over the Atlantic and the Pacific Oceans emanating from regionally persistent sea surface temperature/sea level pressure modes are identified as potential carriers of information. We speculate on the ocean-atmosphere and regional hydrologic mechanisms that may be involved in lending multiseasonal predictability to streamflows in the region.
Introduction
The work presented here is a joint venture by the International Research Institute ͑IRI͒ for Climate Prediction of Columbia University, Ouranos, Canada, and Hydro-Québec's Research Institute ͑IREQ͒, Canada. The overall goals of the project are to make use of hydroclimatic information and measures of atmospheric circulation to make seasonal forecasts of streamflow for 15 basins in the Québec-Labrador region, where hydropower is of large importance. There are two main forecast periods of interest: a forecast of the May-July spring freshet to be issued in December; and a forecast of the August-December streamflow in July.
This paper focuses on the identification of suitable predictors for forecasting streamflow in the first forecast period ͑May-July͒ for the Churchill Falls ͑CF͒ Basin identified by Number 11 in Fig. 1 . This basin has a denser network of precipitation and temperature stations than the other 14 basins, and is the largest ͑69,000 km 2 ͒ in the study area with an annual power production of 35.2 TWh or 19% of total generated hydropower by HydroQuébec. The May, June, and July ͑MJJ͒ inflow accounts for about 50% of the total annual flow volume and is composed of melted winter snowpack and spring precipitation, with the prior winter months ͑December-April͒ being low flow months. Thus, with respect to hydropower generation, a forecast of future MJJ flows in December is valuable to planners and managers for making decisions on reservoir releases during the low flow winter months. Our companion paper ͑Sveinsson et al. 2008͒ reports on various forecasting and modeling techniques for forecasting the MJJ CF flows, using the predictors identified in this study.
The hydroclimatic data used for identifying potential predictors of CF flows are past observed streamflow, precipitation, and temperature in the CF Basin; common teleconnection indices; gridded surface temperature, pressure at different levels, zonal and meridional winds from National Centers for Environmental Protection/National Center for Atmospheric Research ͑NCEP/ NCAR͒ reanalysis; and precipitation and temperature simulations from the global circulation model ECHAM4.5 from the Max Planck Institute. If the results obtained herein indicate a high skill in predicting future streamflow for the CF Basin, then in future studies these results will be expanded to include all basins within the study area, both separately and in a multivariate framework.
Background
The winter climate of the Québec-Labrador region is largely influenced by the strength and the location of the polar jet stream and the upper air westerlies and by persistent local high-and low-pressure regions in the North Atlantic, the Labrador See, over the Arctic, and possibly over Hudson Bay. In the winter the polar jet stream is at its peak, and its location is associated with the boundary between higher latitude cold arctic air and lower latitude warm air originating from the tropics. This boundary is known as the polar front. The location of this boundary is affected by changes in the location of persistent high-and low-pressure regions, which in turn can cause or be influenced by changes in surface temperatures.
The North Atlantic Oscillation ͑NAO͒ ͑Hurrell 1995; Jones et al. 1997͒ , is the teleconnection mechanism that has the largest winter impacts on the Québec-Labrador region ͑Marshall et al. Sheridan 2003͒ . The commonly used NAO index measured at surface level is defined as the pressure difference between two point locations in Iceland and the Azores ͑Jones et al. 1997͒, while Barnston and Livezey ͑1987͒ represent NAO as the leading northern hemisphere circulation mode of the 700 mb geopotential ͑GP͒ height during both summer and winter with strong centers over Greenland and the North Atlantic and a weaker one over eastern Asia. The NAO and the Arctic Oscillation ͑AO͒ ͑Thompson and Wallace 2000a, b͒ are closely related, where the AO can be considered as a different rendition of the NAO, with NAO emphasizing the local aspects of the phenomenon and the AO having a more global reach. During positive NAO the Québec-Labrador winters are cold and dry and vice versa during negative NAO ͑Sheridan 2003͒. The positive NAO phase is characterized by stronger than normal prevailing westerlies over the North Atlantic and stronger than normal northwesterlies over northern Canada and the Labrador See bringing cold air from the Arctic, while the negative NAO is characterized by weaker winds with more frequent blocking in the North Atlantic ͑Shabbar et al. 2001͒, and more frequent easterlies and warmer conditions over the Northwest Atlantic.
Several studies have been made forecasting climate variables and linking climate in the Québec-Labrador region with phenomena of atmospheric circulation. Most studies have focused on concurrent relationships ͑apart from Shabbar and Barnston 1996͒. In summary, the Pacific-North American pattern ͑PNA͒ ͑Wallace and Gutzler 1981͒, influences nearly the entire North American continent apart from the Québec-Labrador region ͑Sheridan 2003͒. Bonsal et al. ͑2001͒ analyzed the impacts of the El Niño/ Southern Oscillation ͑ENSO͒ ͑Ropelewski and Jones 1987; Allan et al. 1991; Können et al. 1998͒, the Pacific Decadal Oscillation ͑PDO͒ ͑Mantua et al. 1997͒ , and the NAO on the interannual variability of winter January-March temperature over Canada. Their results showed NAO as the dominant low-frequency pattern affecting winter temperature, especially in the north eastern regions, with the weaker ENSO and PDO influences mainly occurring over western and central Canada ͑the PNA, pressure derived, and the PDO, temperature derived, are dependent and have roughly coinciding centers of action͒. Furthermore, with regards to the Québec-Labrador region, during positive NAO phases ͑cold winters͒, El Niño episodes were characterized by significantly higher winter temperatures than non-ENSO ͑normal͒ episodes ͑somewhat opposite to Shabbar and Barnston 1996 ; results below, which were not done with respect to the NAO phase͒, while La Niña episodes showed no significant differences from non-ENSO episodes. During negative NAO phases ͑warm winters͒, El Niño episodes showed no significant differences from non-ENSO episodes, while La Niña episodes were associated with somewhat ͑not significant͒ colder temperatures than non-ENSO episodes. Honda et al. ͑2001͒ and Honda and Nakamura ͑2001͒ analyzed the interannual seesaw-like oscillation between the winter Aleutian low ͑AL͒ and the winter Icelandic low ͑IL͒ ͑a component of NAO͒, where they argue that interannual variability of late winter IL is strongly influenced by AL anomalies developing over the North Pacific in midwinter. In fact, the winter AO may just be a mixture of the winter NAO and winter AL-IL seesaw, where in addition 30-50% of late winter tropospheric variability in the Icelandic low region may be explained by remote influences from the North Pacific.
Shabbar and Barnston ͑1996͒ used gridded sea surface temperature ͑SST͒ fields from 40°S to 60°N and gridded 500 mb GP fields from 15 to 80°N and past temperature over Canada to forecast a three month seasonal surface temperature ͑ST͒ at 51 stations and precipitation at 69 stations in Canada using canonical correlation analysis ͑CCA͒. In general, their forecast skills were highest for winter and spring temperature and precipitation with an average correlation skill in our study area ranging from 0.3 to 0.45 for temperature and around 0.2 for precipitation. Their results also indicated that below-normal winter temperatures tend to occur in our study area during El Niño episodes. For forecasting winter temperature, SST loading patterns corresponding to different CCA modes were characterized by ENSO for Mode 1, while Mode 2 was characterized by high positive loadings in the Indian Ocean and the Tropical Atlantic, and negative loadings in the North Atlantic and the North Pacific. This second mode provided most of the predictive skills for eastern Canada, including our study area.
In general, northeastern Canada ͑Québec and Labrador͒ is influenced by both the Pacific and Atlantic with various complex feedback/interactions between the two. When interpreting the foregoing discussion, it has to be kept in mind that many of the teleconnection indices are correlated ͑AO versus NAO; PNA versus PDO͒. As such, it is not surprising that different indices have similar impacts on the same regions. In the CF records there is evidence of decadal variability in regional precipitation, temperature, and streamflow, which appears to be tied to winter climate modes such as the AO/NAO, and hence, to the evolution of the Pacific and Atlantic SSTs. Our investigations will focus on leading SST and atmospheric circulation parameters, where the former provide the boundary conditions that force the circulation modes, while the latter provide the potential carriers of that information from the tropics to the extratropics that may set up the persistent decadal variations that are manifest as NAO/AO and related modes. A central purpose of these investigations is to identify climate precursors that reflect the interannual to interdecadal variabilities seen in the CF records. The use of these precursors in a forecasting model could then translate the problem of modeling a nonstationary time series into a stationary regression problem.
Data
The hydroclimatic data used in this study are observed streamflow, precipitation, and temperature in and around the CF Basin; gridded surface temperature and other gridded atmospheric circulation variables inferred from the NCEP/NCAR reanalysis ͑Kistler et al. 2001͒; and some well-known teleconnection indices such as the AO, NAO, NINO3.4, the North Pacific ͑NP͒ pattern ͑Trenberth and Hurrell 1994͒, PDO, PNA, and the Southern Oscillation Index ͑SOI͒. Most of these teleconnection indices can be obtained either directly or through links from the Climate Diagnostics Center ͑http://www.cdc.noaa.gov͒.
Monthly streamflow data for all 15 basins in Fig. 1 The data of the NCEP/NCAR reanalysis project are obtained from the IRI data library ͑http://iridl.ldeo.columbia.edu͒. The variables used in this study are gridded surface temperature ͑ST/SST͒, mean-sea-level pressure ͑MSLP͒, 700 mb zonal winds ͑ZW͒, 700 mb meridional winds ͑MW͒, and 200 mb GP height.
Approach
The following steps were taken for identifying and analyzing potential predictors for forecasting the May-July Churchill Falls ͑MJJ CF͒ flows in December with a 5-6 month lead time with respect to the beginning of the forecasted period. 1. Diagnostic analysis of basin data and correlation analysis of basin streamflow with known teleconnection indices; past basin streamflow, precipitation, and temperature; and estimated precipitation and temperature from the ECHAM4.5 GCM.
Composite analyses of gridded NCEP/NCAR reanalysis
fields with respect to high and low spring flows to identify typical atmospheric circulation patterns that correspond to ͑warm,wet͒/͑dry,cold͒ winter periods in the region and the factors that drive them. The statistical significance of mean temperature difference patterns between low and high flow years is also tested. 3. Correlation analysis of MJJ CF flows with gridded NCEP/ NCAR reanalysis fields to identify suitable predictors that are consistent with the driving atmospheric mechanisms identified in the composite analysis. The main focus was on averaged September, October, and November ͑SON͒ reanalysis fields that were available at the time of forecast in December. 4. Analyze relationships of MJJ CF flows and leading modes of identified predictors with leading Kaplan SST modes that are considered to be a major driving factor of changes in the atmospheric circulation. The correlation analysis shown throughout the paper is based on the simple correlation coefficient. In most cases the Spearman's rank correlation coefficient was also computed ͑data not shown͒, but in almost all cases it was similar to the simple correlation coefficient indicating near normality of the data.
Data Diagnostics

Streamflow
The characteristics of the annual and seasonal CF streamflow time series in million-cubic meters ͑MCM͒ are plotted in Fig Fig. 3 shows correlation plots of the MJJ CF flows with six winter teleconnection indices that have been widely studied and used in the hydroclimatic literature. The indices are: the January, February, and March ͑JFM͒ AO; the December-JFM ͑DJFM͒ NAO; the November-DJFM ͑NDJFM͒ NP; the NDJFM PDO; the December, January, and February ͑DJF͒ PNA; and the June, July, and August-SON ͑JJASON͒ SOI index ͑see, also, Table 1͒ . The seasonal averages represent periods when the indices are most active. We are mainly interested in significant correlations at lags h Ն 0 ͑i.e., indices leading the flows͒. Significant correlation is found at Lag 0 for the AO JFM index ͑i.e., leading by two months͒, at Lags 1 and 2 for the NAO DJFM index ͑i.e., leading by two and 14 months͒, and at Lag 4 for the PDO NDJFM index.
Dependence on Hydroclimatic Indices
For the PDO we do consider Lag 4 to be somewhat large, although it should be mentioned that the correlation was significant for any seasonally averaged PDO index leading by four years. At eight years lag ͑data not shown͒ the correlation coefficient was even larger, or −0.48 ͑significant at the 1% level Ϯ0.41͒. While this is interesting and may indicate a usefulness of the PDO for longer lead forecasts, physical explanation for these significant correlation coefficients is not obvious. The significant correlation with the AO JFM at Lag 0, and with the NAO DJFM at Lag 1 are of limited use since the values of these indices are not available at the time of forecast in December. Only the NAO DJFM at Lag 2 appears useful with a correlation coefficient of −0.41. A similar correlation analysis was repeated for monthly values, two-month running average values, and three-month running average values, of the above hydroclimatic indices and other indices, such as Nino3.4, the multivariate ENSO index ͑MEI͒, and the quasibiennial oscillation ͑QBO͒. In general, the results with respect to alternative seasonal averages of the indices were either worse or similar to the results presented above, with the results for Nino3.4 and MEI being similar to those for the SOI. In addition, correlation with the Atlantic Tripole Index ͑Marshall et al. Rodwell and Folland 2002͒ , the SST based NAO, had a lower significance than the correlation with its NAO MSLP counterpart.
Precipitation and Temperature
The basin precipitation and temperature are estimated by taking the arithmetic average in space over the 17 precipitation sites and Characteristics of annual and seasonal streamflow in the CF Basin: ͑a͒ annual streamflow; ͑b͒ ACF; ͑c͒ spectral density and one-sided 95% confidence limits for a white-noise process for the smoothed Bartlett curve ͑Jenkins and Watts 1968͒; ͑d͒ monthly streamflow distribution; ͑e͒ month-to-month correlation; and ͑f͒ cross-correlation of annual streamflow between CF and the other basins in Fig. 1 . In ͑b͒, ͑e͒, and ͑f͒ the two-sided 95% confidence limits for white-noise processes are also shown. two temperature sites in Fig. 1 . The annual time series, monthly distribution of the spatially averaged precipitation and temperature, and the correlation coefficients of the monthly precipitation and temperature from January of the previous year through March of the concurrent year with MJJ CF flows are shown in Fig. 4 . The correlation coefficients are highest for the month of January, with a value of 0.74 for precipitation and 0.48 for temperature. The large snowmelt portion of the MJJ CF flows explains the dependence on winter precipitation and temperature, although it is not exactly clear why this dependence is greatest for the month of January, which is the coldest month of the year. Most likely, it is due to the influences of the AO and the NAO on the region, but as stated earlier the signature of these teleconnections is strongest in the DJFM months. In addition, there is usually a transition in the extratropical zonal circulation ͑westerly winds͒ during January.
The strong dependence of MJJ CF flows with winter precipitation and temperature happens during months after the time of forecast in December. A solution may be to use predicted January precipitation and temperature from general circulation models ͑GCM͒. Although the skill of GCMs for predicting precipitation and temperature is, in general, rather poor in our study region, the correlation of the predicted precipitation and temperature may still be significant with the CF MJJ flows ͑the skill of some common GCMs can be viewed on the IRI website http:// iri.columbia.edu/forecast/climate/skill/SkillMap.html͒. The GCM model utilized was the 24 ensemble member ECHAM4.5 from the Max Planck Institute. The annual and monthly mean precipitation and temperature for the CF Basin, using the ECHAM model in simulation mode ͑forced with concurrent SST͒ are shown in Fig. 4 along with the observed precipitation and temperature. Although distributions of monthly precipitation and temperature agree fairly well with the observed ones, the annual variability ͑and seasonal, data not shown͒ was significantly less in the GCM than observed. In addition, the up and down periods were not necessarily matched between the GCM and observed annual precipitation and temperature. More importantly, the correlation ͑data not shown͒ of the monthly GCM precipitation and temperature with the CF MJJ flows was not significant, indicating that the ECHAM4.5 precipitation and temperature were not good predictors of the observed CF MJJ flows. For the CF region the results from the ECHAM in forecasting mode ͑data not shown͒ were worse than in simulation mode, with further reduced variability of annual and monthly precipitation and temperature. This result was rather disappointing, although not unexpected, since the skill of the GCMs usually decreased with distance from the tropics. 
Composite Analysis
Composite analysis of the atmospheric circulation during years with high and low MJJ flows can be used to identify the largescale climatic states responsible for the development and melt of the winter snowpack and spring precipitation. The 39-year MJJ flow volumes ͑1961-1999͒ are split into three categories: low flows Ͻ20,000 MCM, high flows Ͼ25,000 MCM, and average in between. There are 13 years in each category, as shown in Table 2 . Notice that over the 39-year period ͑1961-1999͒ there are no high flows in the 15-year 1984-1998 period, and no low flows in the 17-year 1968-1984 period, indicating low-frequency variability and/or phase changes. The composite analysis uses 700 mb winds, MSLP, and ST/SST for identification of potential sources and patterns that can explain the differences in the atmospheric circulation between high and low flow years.
Figs. 5 and 6 show wind and MSLP anomalies preceding high and low flow conditions for fall SON and winter DJF, respectively, along with climatology of dominant wind directions and MSLP. From the climatology plots, well-known fall/winter phenomena are observed, e.g., the Aleutian low in the North Pacific with the North Pacific high just below it, and in the North Atlantic the Greenland high, the Icelandic low, and the Atlantic high ͑sometimes referred to as the Bermuda high͒. The wind climatology reflects the equatorial easterly trade winds over the Atlantic and the Pacific, the prevailing westerlies at the midlatitudes, and their interaction with the polar winds at higher latitudes, resulting in polar fronts that can extend down into the southern U.S. states during DJF.
From the MSLP anomaly fields we observe higher pressure ͑lower AO index͒ over the arctic preceding high flows, and lower pressure ͑higher AO index͒ preceding low flows during both SON and DJF. Similar patterns are observed over the Hudson Bay, the Labrador See, and Greenland. In the northeast corner of the Pacific, the anomalies are with opposite signs to the arctic ones and appear to take place mostly in the eastern Aleutian low region with some extent into the North Pacific High region. From SON to DJF the anomaly patterns over Greenland and perhaps the northeast Pacific get enhanced and the result is the classic NAO pattern in the North Atlantic during DJF ͑Fig. 6͒, with a negative NAO pattern preceding high flows and a positive pattern preceding low flows. We do not speculate on the dynamics of possible connections between the anomaly regions in the North Pacific and the North Atlantic but as discussed earlier Honda et al. ͑2001͒ and Honda and Nakamura ͑2001͒ argue that pressure changes over the arctic may be a result of the Aleutian low and Icelandic low relationship.
The wind anomaly fields are closely related to the MSLP anomaly fields, with weaker wind circulation around the arctic in high flow years rather than in low flow years. This is associated 1965 , 1966 , 1969 , 1970 , 1971 , 1975 , 1976 , 1978 , 1979 , 1980 , 1983 , 1999 Average 1964 , 1968 , 1972 , 1973 , 1974 , 1977 , 1982 , 1984 , 1986 , 1992 , 1996 , 1998 Low 1961 , 1962 , 1963 , 1967 , 1985 , 1988 , 1989 , 1990 , 1991 , 1993 , 1994 , 1995 Thirteen years fall in each group. HighϭflowsϾ 25,000 MCM; average =25,000 MCMՆ flowsՆ 20,000 MCM; and low= Ͻ 20,000 MCM.
Fig. 4.
Characteristics of precipitation and temperature in the CF Basin: ͑a͒ annual precipitation; ͑b͒ mean monthly precipitation; ͑c͒ correlation of monthly precipitation with MJJ CF flows; ͑d͒ mean annual temperature; ͑e͒ mean monthly temperature; and ͑f͒ correlation of monthly temperature with MJJ CF flows. For comparison, the characteristics of precipitation and temperature are also shown from the GCM ECHAM4.5 in simulation mode averaged over two gridpoints ͑64.7W 51.6N͒ and ͑64.7W 54.4N͒ and 24 ensemble members.
with decreased polar front activity ͑polar front at higher latitudes͒ and weaker westerlies preceding high flows and increased polar front activity ͑polar front extending deeper south into North America͒ and stronger westerlies preceding low flows. The DJF anomaly fields preceding high flows show much weaker westerlies than normal of the eastern coast of Canada associated with negative NAO conditions. This type of wintertime blocking results in warmer northwest Atlantic and more frequent easterlies carrying warmer moist air from the Atlantic into our study region ͑Shabbar et al. 2001͒ . Preceding low flows the DJF anomaly wind fields are characterized by stronger than normal westerlies across the North Atlantic carrying cold air from Northern America, with leading wind directions in the Québec-Labrador region being from the northwest. In the northern North America only Alaska is warmer then normal due to the higher than normal pressure in the northwest Pacific bringing in warm and moist air from the Pacific. It is somewhat interesting that preceding low flows the equatorial easterlies are stronger than normal over the Pacific ͑indication of La Niña condition͒ while they are weaker than normal over the Atlantic. Associated with this condition is somewhat strong northward meridional flux from the South Atlantic over central South America.
Analyses of surface temperature anomalies ͑data not shown͒ preceding ͑SON and DFJ͒ and during ͑MJJ͒ low and high flow conditions show some marked differences. The highest temperature anomalies are during DJF, where temperatures over the Québec-Labrador Peninsula are up to 5°C warmer in high flow years than low flow years, and similarly up to 5°C colder north of Iceland and up to 3°C colder over Alaska. The observed temperature records for the CF Basin show similar differences, where the average JF temperature is −17.3°C in high flow years and −20.7°C in low flow years, a 3.4°C difference. The Atlantic Tripole ͑ATR͒ ͑Marshall et al. 2001; Rodwell and Folland 2002͒ , is observed in the DJF sea surface temperature anomalies with the pattern preceding low flows representing positive NAO conditions ͑warm anomalies in the central North Atlantic with cold anomalies to the north and the south͒, and the pattern preceding high flows representing negative NAO conditions. In addition, the intertropical convergence zone ͑ITCZ͒ in the equatorial Atlantic is consistent for all seasons investigated characterized by warmer sea surface temperatures preceding low flow events and colder sea surface temperatures preceding high flow events. Although the tropical Atlantic variability is not considered to be directly connected with the NAO, it may feedback on the NAO at interannual to decadal time scales by rearranging the Hadley circulation ͑Marshall et al. 2001͒ . The North Pacific in the Aleutian low region is warmer preceding low flows and colder preceding high flows for all seasons shown. Although not statistically significant, preceding low flows La Niña-like pattern was observed in the equatorial Pacific while preceding high flows El Niño-like pattern was observed. The statistical significance of the above anomaly patterns was tested with respect to temperature differences in low and high flow years and the results are shown in Fig. 7 . The test is a two-sample t test at the ␣ significance level on the hypothesis High = Low , where the two subseries are assumed to have the same population standard deviation ͑Larsen and Marx 1986, p. 364͒. Focusing on the fall-winter conditions ͑SON and DJF plots͒, consistent statistically significant patterns were seen over Alaska, in the northeast and northwest Pacific, central North Atlantic, Mediterranean, and the Atlantic ITCZ zone with more prominent patterns in the southern zone. In addition for the DJF, as expected, the whole Québec-Labrador region showed statistically significant temperature differences.
Correlation with Atmospheric Circulation
Previously it was observed that the MJJ CF flows were highly correlated with observed midlate winter precipitation and temperature in the CF Basin. Often, certain problems can arise in using observed basin data for forecasting. Apart from the observed records for different variables being of different lengths, there can be a considerable delay in getting up-todate information. To get around these problems one option is to use climatic patterns or variables that are readily available and updated frequently and should reflect the climatic state of the basin.
Gridded NCEP/NCAR Reanalysis Variables
In this section, the relationship of CF MJJ flows with various variables of atmospheric circulation from NCEP/NCAR Reanalysis is analyzed. These variables are MSLP, ST/SST, 700 mb zonal winds ͑ZW͒ and meridional winds ͑MW͒, and 200 mb GP. As stated before, the goal was to issue forecasts for MJJ CF flows in December with a lead time of about five months with respect to the start of the forecasted period. Thus, the data must be available in the beginning of December. With that in mind, any combinations of the gridded reanalysis variables averaged over any periods prior to the time of forecast could be used. It should make sense to use the most up-to-date information. Thus, the focus here was on the SON gridded reanalysis patterns instead of earlier patterns, but both earlier and later DJF patterns also were analyzed since studies have indicated that predictive skill is often best during the winter months ͑e.g., Shabbar and Barnston 1996͒, and also because we wished to observe the evolution or persistence of the patterns. Significant correlation at the 5% level ͉͑Corr͉ Ͼ 1.96/ ͱ n͒ of CF MJJ flows with three months leading DJF, six months leading SON, and 15 months DJF is shown in Figs. 8 and 9 for MSLP and ZW, respectively. Due to space consideration correlations with the other gridded reanalysis patterns are not shown, but elaborated on. The newer DJF patterns, which were not available at the time of forecast, show the highest correlations and should perhaps be looked at as demonstrating potential for predictive skill. The DJF reanalysis patterns leading by 15 months appear to have a high predictive skill, which in some cases ͑like for MSLP͒ is higher than for the SON patterns. Despite this, it seems logical to assume that the newer SON patterns that already contain some information of the upcoming winter conditions should be more dynamically robust predictive-wise than the older DJF patterns. Also, given that the highest correlation was with the three month leading DJF patterns, the high correlation with the 15 month leading DJF patterns may indicate memory/ persistence of DJF patterns across years, as seems to be supported by the correlation plots. Thus, the predictors will be selected from the SON NCEP/NCAR reanalysis fields, while the potential for longer lead forecasts with up to at least 15 months lead time is pointed out.
In general, it appears logical to select significantly correlated regions that are known to represent large-scale atmospheric features, and regions that are close geographically to the CF Basin assuming that the late fall and early winter conditions are good indicators of what there is to come. From the SON correlation maps in Figs. 8 and 9 , predictors for use in the forecasting exercises by Sveinsson et al. ͑2008͒ are within circled areas. The circled areas were either selected for being geographically close to the CF Basin, or because they were located close to major anomaly patterns from the previously discussed composite analysis. For example, from the MSLP correlation map three predictor variables were extracted, namely, the geographically close Hudson Bay area ͑also showed up in the composite analysis͒, the region in the Northwest Pacific, which appears to be in the vicinity of the Aleutian low and North Pacific high, and the region off the western coast of Africa. Similarly, three SST predictors in the Hudson Bay, North Atlantic, and the Mediterranean were selected. The highest correlation with a single ͑SST, MSLP͒ predictor was −0.54 with the Mediterranean SST predictor, while the correlation with the first principal component ͑PC͒ of all six was 0.72, indicating information gain by selecting predictors in different regions. A similar analysis was performed on the 700 mb ZW, 700 mb MW, and 200 mb GP fields. Two predictors were selected from each of the SON 700 mb ZW, 700 mb MW, and 200 mb GP fields. The predictors were located on the western U.S. It is of interest that none of the correlation fields were significant in the central Pacific, indicating that any connection with ENSO is indirect or remote, or perhaps only occurs under certain circumstances in combination with other atmospheric phenomena. In addition, the two MW and one of the MSLP predictors are located in the equatorial Atlantic ͑the ITCZ region͒. The physical connection between this region and the CF Basin is not obvious. The ITCZ region did show up in the composite analysis and is known to affect climate over northeast Brazil 
Leading SST Modes and Connection with NCEP/ NCAR Predictor Variables
The oceans, which are the largest heat storage on a global scale, are considered to be the largest driving factor of changes of the atmospheric circulation. The land-atmosphere interaction is, in most cases, a consequence of preexisting climate conditions as defined by persistent SST boundary conditions. Thus, the hypothesis, that the interannual variability of the CF MJJ flows is caused by SST related changes in the atmospheric circulation, could be tested by correlating CF MJJ flows and leading modes of the NCEP/NCAR predictors identified in the previous section with leading SST modes.
The SON 1960 SON -1998 leading Northern Hemisphere SST modes at higher latitudes, 30°-70°N, and lower latitudes, 10°S-30°N, are shown in Figs. 10 and 11, respectively, along with explained percentage of variance for each mode. The SST data are from the Kaplan SST dataset obtained from the IRI. The classical ENSO signature in the equatorial Pacific is clearly observed as the dominant mode at lower latitudes explaining 50% of the overall variability, while none of the three leading modes at higher latitudes appears dominant and the overall explained variance of all three modes is 38%. The correlation between PCs corresponding to the modes in Figs. 10 and 11 are reported in Table 3 . The leading SST 30°-70°N mode has the highest correlation with the third SST 10°S-30°N mode, while the second SST 30°-70°N mode has the highest correlation with the first SST 10°S-30°N mode ͑the ENSO mode͒, but also a significant correlation with the third SST 10°S-30°N mode. Thus, even though ENSO is the driving force at lower latitudes, its direct influence on the higher latitude SST modes appears nominal. Table 4 shows the correlation of the three leading predictor PCs of the 12 identified NCEP/NCAR predictors with the CF MJJ flows and the lower and higher latitude Kaplan SST modes. The first predictor PC has a correlation of 0.77 with the CF MJJ flows, and both the first predictor PC and the CF MJJ flows are significantly correlated with the first higher latitude SST mode and third lower latitude SST mode, with these two modes also being significantly correlated. It appears that the predictor PCs are mostly influenced by the first two higher latitude SST modes, which should not be a surprise since most of the predictors are located in the higher latitude region. The results indicate the NCEP/NCAR predictors of CF MJJ flows are dynamically consistent with leading observed SST modes.
Conclusions
The focus of this study was to identify dynamically consistent leading atmospheric circulation variables for forecasting future MJJ flows in the Churchill Falls Basin, as early as December of the previous year with a 5-6 month lead. The characteristics of the CF MJJ flows indicate low-frequency variability and/or phase changes ͑periods Ն10 years͒. The ACF and the PACF of the MJJ CF flows suggest a potential AR͑2͒ model, where in addition, leading exogenous January precipitation and temperature were found to be highly correlated with the CF MJJ flows with correlation coefficients of 0.74 and 0.48, respectively. The possibility of using predicted winter precipitation and temperature from the general circulation model ECHAM4.5 from the Max Planck institute was investigated. The results indicated that the observed interannual and within-year variabilities of precipitation and temperature are not reproduced by the ECHAM4.5 for the CF region, and in addition, leading ECHAM precipitation and temperature were not significantly correlated with the MJJ CF flows. Similar results ͑data not shown͒ were obtained analyzing composites of averaged ͑high flow years-low flow years͒ zonal and meridional DJF wind fields at the 700 mb level, where the ECHAM4.5 fields had significantly smaller magnitudes than NCEP/NCAR reanalysis fields although showing somewhat similar patterns.
The CF MJJ flows were correlated with various seasonal teleconnections and other indices, such as the AO, NAO, NINO3.4, PDO, SOI, etc., with JFM AO and DJFM NAO having the highest correlation with the flows. The 14 months leading NAO and 4 years leading PDO also showed significant correlation with the CF MJJ flows, indicating the possibilities of long lead forecasts. Composite analysis of atmospheric circulation variables ͑MSLP, ST, 700 mb winds, 200 mb GP͒ from the NCEP/NCAR reanalysis preceding high and low flows, revealed various anomaly patterns across the arctic, North and equatorial Atlantic, and North and Central Pacific, in addition to anomalies over North America, Canada, and Greenland ͑MSLP and winds͒, and over Central South America ͑winds͒. Correlation analysis was used to identify potential predictors significant at the 5% level from the three month leading DJF, six month leading SON, and 15 month leading DJF gridded NCEP/NCAR fields of MSLP, ST, 700 mb winds, and 200 mb GP, with a special focus on the SON fields. The three month leading DJF correlation patterns showed, in general, the highest correlations with dynamically consistent, regions, and as such they were considered to demonstrate potential in predictive skill. The six month leading SON and the 15 month leading DJF fields all had regions with significant correlations that were dynamically consistent with the results from the composite analysis. From the SON correlation fields, potential predictors were identified in and around the Pacific and the Atlantic basins. Six predictors were chosen from the SST and MSLP fields, and another six were chosen from 700 mb ZW and MW, and 200 mb GP fields. All predictors were significantly correlated with the CF MJJ flows at the 5% level. The first PC of the SST and MSLP predictors had a cross-correlation coefficient of 0.72 with the CF MJJ flows, and the first PC of wind and GP predictors also had a cross-correlation coefficient of 0.72 with the CF MJJ flows.
The relationships of CF MJJ flows and leading modes of the 12 identified predictors were correlated with leading lower ͑10°S-30°N͒ and higher ͑30°-70°N͒ latitude Kaplan SST modes. Of the first three predictor modes, only the first was sig- nificantly correlated with the CF MJJ flows with a correlation coefficient of 0.77. Both the first predictor mode and the CF MJJ flows were significantly correlated with the leading 30°-70°N mode and the third SST 10°S-30°N mode, indicating dynamical consistency of selected predictors with leading SST modes. The first SST 10°S-30°N mode, representing ENSO, was significantly correlated with the second 30°-70°N mode, indicating that the direct influence of ENSO at higher latitudes may be nominal.
The results presented here indicate that there are many dynamically consistent predictors from SON NCEP/NCAR reanalysis fields that are significantly correlated with a six month lagged streamflow in the CF Basin. The streamflow appears to be influenced by sea surface temperatures in both the Pacific and the Atlantic in addition to winds and pressure over both oceans, the arctic, and North America.
